WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 : 
H03L 7/093 



Al 



(11) International Publication Number: WO 99/21283 

(43) International Publication Date: 29 April 1999 (29.04.99) 



(21) International Application Number: PCT/US98/22138 

(22) International Filing Date: 20 October 1998 (20.10.98) 



(30) Priority Data: 

08/954,914 



21 October 1997(21.10.97) 



US 



(71) Applicant: LEVEL ONE COMMUNICATIONS, INC. 
[US/US]; 9750 Goethe Road, Sacramento, CA 95827 (US). 

(72) Inventors: EVER ITT, James, W.; 8493 E. Hidden Lakes Drive, 
Granite Bay, CA 95746 (US). NACK, David, S.; 403 
Kingston Court, Roseville, CA 95661 (US). PARKER, 
James; 2438 Zinfandel Drive, Rancho Cordova, CA 95670 
(US). 

(74) Agent: BRUESS, Steven, C; Merchant, Gould, Smith, Edell, 
Welter & Schmidt, P.A., 3100 Norwest Center, Minneapolis, 
MN 55402 (US). 



(81) Designated States: AL, AM, AT, AU, AZ, BA, BB, BG, BR, 
BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, FI, GB, GE, 
GH, GM, HR, HU, ID, IL, IS, JP, KE, KG, KP, KR, KZ, 
LC LK, LR, LS, LT, LU, LV, MD, MG, MK, MN, MW, 
MX, NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, 
TM, TR, TT, UA, UG, UZ, VN, YU, ZW, ARIPO patent 
(GH, GM, KE, LS, MW, SD, SZ, UG, ZW), Eurasian patent 
(AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European patent 
(AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, IT, 
LU, MC, NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, 
CM, GA, GN, GW, ML, MR, NE, SN, TD, TG). 



Published 

With international search report. 

Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



(54) Titie: MODIFIED THIRD ORDER PHASE-LOCKED LOOP 



LOW DUTY 
CYCLE UPDATE- 
CLOCK 




(57) Abstract 



A phase-locked loop circuit is disclosed which exhibits a wide capture range and a low quality factor (Q) to prevent ringing 
and improve stability without adding area, increasing power consumption or increasing noise levels. The phase-locked loop includes a 
comparator to generate an error signal, an oscillator which generates an output signal in response to a control signal and a loop niter which 
generates the control signal based on the error signal. The loop filter includes a first integrator operatively coupled through a threshold limit 
detector to a second integrator. The threshold limit detector supplies an electric charge to the second integrator only when the first integrator 
is proximate to either an upper limit or a lower limit of the first integrator's operating range. The oscillator generates the output signal 
which tracks the input reference signal frequency as an integer multiple of the input reference signal frequency. The oscillator generates 
the output signal in response to varying current levels of the control signal. The loop filter further includes a pump-up and a pump-down 
charge pump that act in tandem under activation by the threshold limit detector. The loop filter includes a duty cycle limiter switch that 
limits the supply of the charge to the second integrator to a predetermined time period. 
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WO 99/21283 PCT/US98/22138 
MODIFIED THIRD ORDER PHASE-LOCKED LOOP 



BACKGROUND OF THE INVENTION 



5 1. Field of the Invention . 

This invention relates in general to phase-locked loop circuits, and more 
particularly to a phase-locked loop circuit which exhibits a wide capture range and a 
low quality factor (Q) to prevent ringing and improve stability. 



10 2. Description of Related Art . 

Digital data transmission has become increasingly important in the modem 
communications era. All digital communication systems require some degree of 
synchronization to incoming signals by receivers. At the heart of all phase 
synchronization circuits is some version of a phase-locked loop (PLL). 

1 5 Fig. 1 illustrates a schematic of a basic phase-locked loop circuit 1 00. Phase- 

locked loops are servo-control loops, whose controlled parameter is the phase of a 
locally generated replica of the incoming carrier signal. Phase-locked loops have 
three basic components: a phase detector 102, a loop filter 104 and a signal- 
controlled oscillator 106. The phase detector 102 is a device that produces a 

2 0 measure of the difference in phase between an incoming signal 1 1 0 and the local 
replica 120. As the incoming signal 110 and the local replica 120 change with 
respect to each other, the phase difference 130 (or phase error) becomes a time- 
varying signal into the loop filter 104. The loop filter 104 governs the response of 
the phase-locked loop 100 to these variations in the error signal 130. A well- 

25 designed phase-locked loop 1 00 should be able to track changes in the phase of the 
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incoming signal 1 10, but not be overly responsive to receiver noise. The signal- 
controlled oscillator 106 is the device that produces the carrier replica 120. The 
signal-controlled oscillator 106 is an oscillator whose frequency is controlled by a 
voltage or current level 140 at the input of the signal-controlled oscillator 106. 
5 In many phase-locked loops, the oscillator is driven using a current signal. 

However, in an IC implementation the center frequency of oscillation varies widely 
with IC processing. This requires a wide capture range for the phase-locked loop 100, 
which implies that the control current supplied by the loop filter 104 to the current- 
controlled oscillator 106 can be high. When the control current of the loop filter 104 is 
1 0 high, the transconductance of transistors in the loop filter that generate the current are 
also high. In traditional implementations, creating the wide capture range can cause a 
Q factor which is too high. This high Q causes the phase-locked loop to either ring 
excessively or become unstable. 

A traditional solution for this problem is to use two phase-locked loops whose 
1 5 current- (or voltage-) controlled oscillators are closely matched. However, this 
increases the area, power, and noise from the extra phase-locked loop. 

Thus, there is a need for a phase-locked loop exhibiting a wide capture range 
and low Q without adding surface area needed to fabricate the phase-locked loop, 
dramatically increasing the power consumption or increasing noise to the overall 
2 0 phase-locked loop circuit. 

SUMMARY OF THE INVENTION 
To overcome the limitations in the prior art described above, and to 
overcome other limitations that will become apparent upon reading and 
understanding the present specification, the present invention discloses a phase- 

BNSDOCID: <WO 9921283A1_I_> 



WO 99/21283 PCT/US98/22138 

3 

locked loop circuit which exhibits a wide capture range and a low quality factor (Q) 
to prevent ringing and improved stability. 

The present invention solves the above-described problems by providing a 
phase-locked loop exhibiting a low Q without adding surface area needed to 
5 fabricate the phase-locked loop, dramatically increasing the power consumption and 
increasing noise to the overall phase-locked loop circuit. 

A system in accordance with the principles of the present invention includes 
a comparator which generates an error signal that represents a difference between an 
input reference signal and an output replica signal, an oscillator which generates the 
1 0 output replica signal in response to a control signal and a loop filter which generates 
the control signal based on the error signal such that phase and frequency 
characteristics of the input reference signal and the output replica signal track 
together. The loop filter includes a first integrator operatively coupled through a 
threshold limit detector to a second integrator, and the threshold limit detector 
1 5 includes a mechanism which limits supply of an electric charge to the second 

integrator when the first integrator is proximate to one of an upper limit and a lower 
limit of an operating range for the first integrator. 

One aspect of the present invention is that the oscillator generates the output 
replica signal in response to the control signal such that the output replica signal 
2 0 frequency tracks the input reference signal frequency as an integer multiple of the 
input reference signal frequency. 

Another aspect of the present invention is that the oscillator includes a 
current controlled oscillator which generates the output replica signal in response to 
varying electric current levels of the control signal. 
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Another aspect of the present invention is that the loop filter further includes 
a pair of charge pumps operating in tandem as a pump-up charge pump and a pump- 
down charge pump, the pair of charge pumps are operatively coupled to the 
threshold limit detector and the second integrator such that the threshold limit 
5 detector activates the pump-up charge pump to supply a positive electric charge to a 
capacitor within the second integrator when the first integrator is proximate to the 
upper limit of the operating range for the first integrator and such that the threshold 
limit detector activates the pump-down charge pump to supply a negative electric 
charge to a capacitor within the second integrator when the first integrator is 
1 0 proximate to the lower limit of the operating range for the first integrator. 

Yet another aspect of the present invention is that the loop filter further 
includes a duty cycle limiter switch operatively coupled between the pair of charge 
pumps and the second integrator. 

Another aspect of the present invention is that the limiter switch limits the 
1 5 supply of the electric charge to a capacitor within the second integrator to a 
predetermined time period. 

Another aspect of the present invention is that the second integrator has a 
predetermined transconductance value such that the loop filter operates in a stable 
operating range. 

2 0 These and various other advantages and features of novelty which characterize 

the invention are pointed out with particularity in the claims annexed hereto and form a 
part hereof. However, for a better understanding of the invention, its advantages, and 
the objects obtained by its use, reference should be made to the drawings which form a 
further part hereof, and to accompanying descriptive matter, in which there are 
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illustrated and described specific examples of an apparatus in accordance with the 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Referring now to the drawings in which like reference numbers represent 
5 corresponding parts throughout: 

Fig. 1 illustrates a schematic of a basic phase-locked loop circuit; 

Fig. 2a illustrates a block diagram schematic of a second order phase-locked 

loop; 

Fig. 2b illustrates a linearized equivalent circuit 250 for the phase-locked 
10 circuit in Fig. 2a; 

Fig. 3 illustrates a typical circuit implementation of a phase-locked loop 
circuit according to the block diagrams of Figs. 2a-b; and 

Fig. 4 illustrates a third order phase-locked loop having a low Q factor 
according to the present invention. 

15 

DETAILED DESCRIPTION OF THE INVENTION 
In the following description of the exemplary embodiment, reference is made 
to the accompanying drawings which form a part hereof, and in which is shown by 
way of illustration the specific embodiment in which the invention may be practiced. 
20 It is to be understood that other embodiments may be utilized as structural changes 
may be made without departing from the scope of the present invention. 

The present invention provides a third order phase-locked loop circuit which 
exhibits a wide capture range and a low quality factor (Q) to prevent ringing and 
improve stability. 

9921283A1 I _> 
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Fig. 2a illustrates a block diagram schematic of a second order phase-locked 
loop 200. An input signal 202 enters a phase or frequency comparator circuit 204 
which compares the output 220 of the phase-locked loop circuit 200 to the input 
signal 202. The output 206 of the comparator circuit 204 is integrated through an 
5 integrator 208 . Then a summing circuit 2 1 0 takes the output 2 1 2 of the integrator 
208 and the output 206 of the comparator circuit 204 to generate a signal 214 to 
drive the signal-controlled oscillator 216. The output 220 of the signal-controlled 
oscillator 216 is fed back to the comparator circuit 204. 

Fig. 2b illustrates a linearized equivalent circuit 250 for the phase-locked 
1 0 circuit 200 in Fig. 2a. The transfer function for this loop as follows: 

Phase(S) yco 



20 



PhaseiS)^ 
K D -K () .(K 2 -S + K } ) 



where: 



H(S) = 



Numerator 



Q 



15 and therefore: 



K 2 -tJK d *K q 



and 



Fig. 3 illustrates a typical circuit implementation of a phase-locked loop 
circuit 300 according to the block diagrams of Figs. 2a-b. In Fig. 3, an input signal 
302 enters a phase or frequency comparator circuit 304 similar to that shown in Fig. 
2a. The comparator circuit 304 compares the output 320 of the phase-locked loop 
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circuit 300 to the input signal 302. The output 306 of the comparator circuit 304 
passes through a first charge pump 307 and then to an integrator 308 for integration. 
The output 312 of the integrator 308 and the output 306 of the comparator circuit 
304 drive a current-controlled oscillator 316. The output 320 of the current- 
controlled oscillator 316 is fed back to the comparator circuit 304. 

The quality factor represents the ratio of reactance to resistance, i.e., the ratio 
of the energy stored to energy dissipated per cycle in the circuit. The Q of the circuit 
illustrated in Fig. 3 is as follows: 

G m , • G mi „ 



_ ^rol ' ' J miiwl . 
intl 



K '° a 



10 Jr 2 - G -2 ; and 



Q = 



However, as suggested above, this topology exhibits undesirable properties. 
In many practical current controlled oscillators 316, the center frequency of oscillation 
varies widely with processing. This requires a wide capture range for the phase-locked 

1 5 loop 300, which implies that the current 312 supplied by the integrator 308 can be 

high. When the current 312 of the integrator 308 is high, the transconductance of the 
Field Effect Transistors 330, 332 (FETs) generating this current 312 are also high. 
Also in some circuits noise considerations require that transconductance G m2 340be 
small, which causes the ratio of the square-root of G ml 342 over 340 to be high. 

2 0 These considerations, coupled with practical limits on Kj, K„, and C^,,, gives a Q 

which is too high. This high Q causes the phase-locked loop to either ring excessively 
or become unstable. 
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Thus, two phase-locked loops that have current- (or voltage-) controlled 
oscillators which are closely matched are often utilized. The first, less critical loop 
locks to a reference clock. The control current output of the first, less critical loop is 
duplicated and fed to the second, more critical phase-locked loop. However, this is 
5 undesirable since it adds area, power, and noise from the extra phase-locked loop. 

Fig. 4 illustrates a third order phase-locked loop 400 according to the present 
invention. For the third order phase-locked loop according to the invention as 
shown in Fig. 4, a second integrator 450 is added. The second integrator 450 forms a 
modified 3rd order loop. The maximum current available from the first integrator 408 
10 is dramatically reduced and the current from the second integrator 450 is made large 
enough to drive the current controlled oscillator 416 across its capture range. This 
allows the transconductance of the first integrator 408 to be dramatically reduced. 

If this were a strict 3rd order loop it would merely shift the source of instability 
from the first integrator 408 to the second integrator 450. However, modifications to 
15 the typical operation of the third order loop are made to eliminate merely shifting of 
the source stability from the first integrator 408 to the second integrator 450. 

The first modification involves limiting when the second integrator is updated. 
According to the present invention, the second integrator 450 is updated only when the 
first integrator 408 is near the limit of its range. This ensures that the second integrator 
20 450 is not being updated. Thus, the loop stability is not affected when the first 

integrator 408 is in its normal operating range since the second integrator 450 is not 
being updated. 
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This limitation is implemented by attaching a limit detector 454 that activates a 
pump-up 460 or pump-down 462 charge pump when the first integrator 408 is near the 
top or bottom of its range respectively. 

The second modification involves injecting the charge pump current 470 into 
5 the second integrator 450 for only a small fraction of a clock cycle. Occasionally the 
first integrator 408 will drift far enough toward the positive or negative side of its 
range to trip the positive or negative output of its limit detector 454, respectively. It is 
during this period that the charge pump current 470 for the second integrator 450 is 
injected into the second integrator 450 for only a small fraction of a clock cycle under 
1 0 the control of a duty cycle limiter switch 480. 

These two modifications allow the transconductance of the first integrator 408 
to be made sufficiently small to ensure that the second integrator 450 does not affect 
loop stability. 

This allows the K1(S) factor of the first integrator 408 to be lowered 
1 5 sufficiently to give a stable phase-locked loop without suffering the stability problems 
of a true third order phase-locked loop. 

The foregoing description of the exemplary embodiment of the invention has 
been presented for the purposes of illustration and description. It is not intended to 
be exhaustive or to limit the invention to the precise form disclosed. Many 
2 0 modifications and variations are possible in light of the above teaching. It is 

intended that the scope of the invention be limited not with this detailed description, 
but rather by the claims appended hereto. 
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WHAT IS CLAIMED IS: 

1 . A phase locked loop circuit, comprising: 

(a) a comparator which generates an error signal that represents a 
difference between an input reference signal and an output replica signal; 
5 (b) an oscillator which generates the output replica signal in response to a 

control signal; and 

(c) a loop filter, operatively coupled to the comparator and the oscillator, 
which generates the control signal based on the error signal such that phase and 
frequency characteristics of the input reference signal and the output replica signal 
1 0 track together, the loop filter comprising a first integrator operatively coupled 

through a threshold limit detector to a second integrator, the threshold limit detector 
comprising a mechanism which limits supply of an electric charge to the second 
integrator when the first integrator is proximate to one of an upper limit and a lower 
limit of an operating range for the first integrator. 

15 

2. The phase locked loop circuit of claim 1 wherein the oscillator 
generates the output replica signal in response to the control signal such that the 
output replica signal frequency tracks the input reference signal frequency as an 
integer multiple of the input reference signal frequency. 

20 



3. The phase locked loop circuit of claim 1 wherein the oscillator 
comprises a current controlled oscillator which generates the output replica signal in 
response to varying electric current levels of the control signal. 
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4. 



The phase locked loop circuit of claim 1 wherein the loop filter 



further comprises a pair of charge pumps operating in tandem as a pump-up charge 
pump and a pump-down charge pump, the pair of charge pumps are operatively 
coupled to the threshold limit detector and the second integrator such that the 

5 threshold limit detector activates the pump-up charge pump to supply a positive 

electric charge to a capacitor within the second integrator when the first integrator is 
proximate to the upper limit of the operating range for the first integrator and such 
that the threshold limit detector activates the pump-down charge pump to supply a 
negative electric charge to a capacitor within the second integrator when the first 

0 integrator is proximate to the lower limit of the operating range for the first 
integrator. 

5. The phase locked loop circuit of claim 1 wherein the loop filter 
further comprises a duty cycle limiter switch operatively coupled between the pair of 
charge pumps and the second integrator, the limiter switch limiting supply of the 
5 electric charge to a capacitor within the second integrator to a predetermined time 
period. 



integrator has a predetermined transconductance value such that the loop filter 
0 operates in a stable operating range. 



6. 



The phase locked loop circuit of claim 1 wherein the second 



7. 



A phase locked loop circuit, comprising: 



(a) 



a comparator which generates an error signal that represents a 



difference between an input reference signal and an output replica signal; 



<wo. 
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(b) an oscillator which generates the output replica signal in response to a 
control signal; and 

(c) a loop filter, operatively coupled to the comparator and the oscillator, 
which generates the control signal based on the error signal such that phase and 

5 frequency characteristics of the input reference signal and the output replica signal 
track together, the loop filter comprising a first integrator operatively coupled 
through a threshold limit detector to a pair of charge pumps operating in tandem as a 
pump-up charge pump and a pump-down charge pump, the pair of charge pumps 
being operatively coupled through a duty cycle limiter switch to a second integrator, 

1 0 the threshold limit detector comprising a mechanism which activates the pump-up 
charge pump to supply a positive electric charge to a capacitor within the second 
integrator when the first integrator is proximate to an upper limit of an operating 
range for the first integrator, the mechanism activating the pump-down charge pump 
to supply a negative electric charge to the capacitor within the second integrator 

1 5 when the first integrator is proximate to a lower limit of the operating range for the 
first integrator, the limiter switch limiting supply of the electric charge to the 
capacitor within the second integrator to a predetermined time period. 

8. The phase locked loop circuit of claim 7 wherein the oscillator 
2 0 generates the output replica signal in response to the control signal such that the 
output replica signal frequency tracks the input reference signal frequency as an 
integer multiple of the input reference signal frequency. 
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9. The phase locked loop circuit of claim 7 wherein the oscillator 
comprises a current controlled oscillator which generates the output replica signal in 
response to varying electric current levels of the control signal. 

1 0. The phase locked loop circuit of claim 7 wherein the second 
integrator has a predetermined transconductance value such that the loop filter 
operates in a stable operating range. 
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